The toxic effects of digitalis are attributable in part to poisoning of the enzyme Na+ -K+ ATPase and in part to the interactions of digitalis with the sympathetic and parasympathetic nervous systems. Additional modifiers of the toxic effects of digitalis include the concentrations of ions such as K + and Cal + , the age of the subject and the extent and type of cardiac disease. At the cellular electrophysiologic level, digitalis toxicity is seen as a depolarization of the membrane with the occurrence-individually or simultaneously-of abnormalities of imMy purpose in this review is to consider the cellular electrophysiologic mechanisms responsible for digitalis toxicity. I am honored to have been asked to participate in this project commemorating the 200th anniversary of Withering 's account of the foxglove, and also fortunate that the field of cardiac cellular electrophysiology is less than one-fifth as old, thereby facilitating my task .
Digitalis is one of the major tools used in the cellular electrophysiologic study of the mechanisms for cardiac arrhythmias. Given the history of varied toxic arrhythmias induced by digitalis clinically and in experimental animal studies , it is not surprising that electrophysiologists and pharmacologists have so frequently used this drug as a means to induce and investigate arrhythmias at the cellular level. As a result , the study of the cellular electrophysiologic mechanisms for arrhythmias and the study of the mechanisms of action of digitalis have proceeded interdependently , with advances in each area benefitting the other.
The approach I will use initially in this review will be historic , tracing the experimentation on the cellular mechanisms of digitalis toxicity since the 1950s. I will not attempt to be encyclopedic , but rather will refer to some of the milestones in our understanding of the cellular electrophysiologic mechanisms of digitalis toxicity . Subsequently , pulse initiation (including delayed afterdepolarizations and abnormal automaticity) and abnormalities of conduction. The afterdepolarizations result in triggered arrhythmias that differ partially in their characteristics of onset and termination from automatic and reentrant arrhythmias. The cellular electrophysiologic basis for these arrhythmias induced by toxic concentrations of digitalis and their implications with respect to arrhythmogenesis in the in situ heart are explored in detail.
(J Am Coli CardioI1985;5:22A-34A)
I shall attempt to relate our understanding of these cellular mechanisms to their role in the occurrence of arrhythmias.
Historic Development
To my knowledge, the earliest reports of the cellular electrophysiologic manifestations of digitalis toxicity are those of Woodbury and Hecht ( I) in the frog heart and Fingl et al. (2) in the chick heart. The first of these related the cellular electrophysiologic effects of digitoxin on action potential repolarization (that is, a marked acceleration of the voltage-time course) to the QT interval and T wave changes that occur electrocardiographically . Fingl et al. (2) showed that in the embryonic chick heart , digitoxin initially prolonged and then accelerated repolarization and decreased the amplitude of the action potential , while having no effect on resting; potential.
Toxic effects on transmembrane potentiaLs. During the 1950s and 1960s, the toxic effects of digitalis on the transmembrane potentials of tissues from the sinoatrial and atrioventricular (AV) nodes, the His-Purkinje system and the atrial and ventricular myocardium were described in some detail (Fig. I ). Various types of digitalis molecules were used, and toxic concentrations were shown to decrease the resting membrane potential of cells in the AV node (3), the Purkinje system (4) (5) (6) (7) (8) and the atrial and ventricular myocardium (l ,4-6,9, 10). In ali tissues studied, there were decreases in the amplitude of the action potential (1-11) . In tissues of the atrial and ventricular myocardium, AV node and His-Purkinje system, a decrease in Vmax was also described (3-10). Repolarization, which increased in duration in His-Purkinje and atrial and ventricular myocardial fibers at low or "therapeutic" concentrations of digitalis (1-5,8,10), decreased in duration at higher concentrations (1-10). This acceleration of repolarization also occurred in fibers of the sinoatrial node (12, 13) . However, the most characteristic change induced by toxic digitali s concentrations with respect to the initiation of arrhythmias was an increase in the slope of phase 4 depolarization. This was readily demonstrable in Purkinje fibers (4, (6) (7) (8) and was also described in fibers of the AV node (3), but was not seen in ventricular or atrial muscle (1,4-6,9-12) . Effect on Purkinje versus myocardial fibers. In 1962, Vassalle et al. (6) reported that when Purkinje or ventricular myocardial fibers were exposed to the same concentration of ouabain for the same period of time , the effect on the specialized conducting fibers exceeded that on muscle . Moreover, they found that toxicity developed more rapidly in preparations that were driven than in those that were quiescent, an action also noted by other investigators (14-16). Simply stated, this observation meant that the uptake of digitalis and its ability to induce toxic effects on the heart was influenced by the number of cardiac impulses; the faster the rate of drive (that is, the greater the number of impulses per unit time), the faster the development of toxicity. The major toxic manifestation described was an increase in the slope of phase 4 depolarization . This gave rise to extrasystoles or sustained rapid rhythm s (6) . With longer period s of exposure to digitalis, there were quiescence and inexcitability .
Mechanisms of toxic changes in transmembrane potential. The basis of the toxic changes seen in the transmembrane potential as a result of digitali s effect was considered to be the following (6, 17, 18) : digitalis-induced accumulation of potassium extracellularly ([K + 10) by inhibiting the Na + -K + exchange mechanism . The elevation in [K + 10 increased the membrane K + conduct~~Ee, which accelerated repolarization and depressed the~liihHlU. The reduced intracellular potassium ([K + 1i) and ell!Viiled [K + 10 were also the cause of the reduction in mertlMratle potential (a factor that required more than 20 years to be demonstrated directly using K + -sensitive microelectrodes [19] ) .
Although active investigation of the cellular electrophysiologic effects of digitali s proceeded through the late 1960s, it was generally assumed that the mechanisms for its toxic manifestations were known ; its depressant effects on the resting and action potential s explained the occurrence of conduction block (l3,20) ? an action that was enhanced at the level of the sinoatrial and AV nodes and the atrium ( 12, 21, 22) by its abilit y to increase acetylcholine release (23, 24) . Moreover, the digitalis-induced increase in the slope of phase 4 and the resultant enhanced pacemaker function explained many tachycardias (6, 13) . The latter action was understood to be complemented by increased efferent sympathetic activity to the heart (a result of the central nervous system action of digitalis [25] [26] [27] ), which also served to enhance ectopic impulse initiation .
Oscillatory activity. In the early 1970s, several groups (28-33) working independently discovered that it was not only the effect on normal pacemaker function of digitalis that might modify ectopic impulse initiation , but also the induction of oscillatory activity . As so often is the case when discoveries are made independently in a short time period , each group published its findings with little knowledge of the other groups ' activities and, hence, the oscillation was called a " low amplitude potential" (28, 29) , a " transient depolarization" (3 1-33 ) or , simply, "enhanced diastolic depolarization" (30) . Subsequently, in an effort to simplify the situation , two additional descriptors were suggested (again by investigators working independently) ; these were "delayed afterdepolarizations" (20, 34) and " oscillatory afterpotentials" (35) . The latter two terms are in use today ; the others have been largely discarded. For the remainder of this presentation, the term I shall use is "delayed after depolarization. " The left panel shows the effects of overdrive pacing on an automatic rhythm. For the first three cycles, the preparation is firing spontaneously. Rapid pacing starts at the first arrow and stops at the second arrow. Note the hyperpolarization that occurs during overdrive pacing and the long period of quiescence after the cessation of pacing. The automatic rhythm then recurs and gradually increases in rate. On the right is the effect of pacing on a digitalistoxic fiber having delayed afterdepolarizations. For the first three cycles, the preparation is paced. Pacing stops at the arrow , and the initial two cycles following the cessation of pacing demonstrate action potentials triggered by delayed afterdepolarizations. There then is a series of dampened oscillations until quiescence occurs. Calibrations: left , 30 mY and 6 s; right, 20 mY and 0.5 s. Panel C , The left panel shows the slope of phase 4 depo-SL OP E larization of an automatic fiber on the vertical axis' ( ",V I 5 ) and a drive cycle length on the horizontal axis. As drive cycle length decreases, there is a ' gradual decrease in the slope of phase 4 depolarization, reflectingoverdrive suppression. The right panel shows the slope of the ascending limb of a delayed afterdepolarization on the vertical axis and the drive cycle length on the horizontal axis. As drive cycle length 'is shortened, the slope of the afterdepolarization increases. 
Digitalis and Delayed Afterdepolarizations
Delayed afte rdepo larizations are oscillations in tran smembran e potential that follow full repolarization of the membrane (Fig . 2 ) . An impo rtant charac teristic o f these afterdepo lari zatio ns is that as the dr ive cycle length of a prep arati on is decreased , the amplitude of the afterdepolarization tend s to increase. and the ir coupling interval to the actio n potenti al that induces them decrea ses with a nearl y linear relation to the dri ve cycle length (Fig . 3) (29, 31) .
As de scribed earlier in this sy mposi um (36) (37) (38) (39) . Delayed afterdepolarizations as basis for cardiac arrhythmias. The major import of the identification of delayed afterdepolarizations was that they provided a far more logical basis than reentry or automaticity for understanding the cau ses of man y digitalis-induced arrhythmias in experimental animals and , by extension, in human subjects. To illustrate, it pre viou sly had been noted in intact animal studies that I ) ectopic ventricular beats-or repetitive ventricular responses (40,4 I)-could be induced by elec trical stimulation during the terminal T wave and the subsequent isoelectric interv al in the heart of digitali s-toxic do gs; 2) there was a cycle length dependency of these ectopic rhythms (in that they were more readily induced at short premature stimulation cycle lengths); 3) the threshold current require- ment for initiating the ectopic rhythms decreased with increasing toxicity; and 4) the duration of the ectopic rhythms increased with the toxic dose of digitalis. All these descriptors of a digitalis-induced ectopic tachyarrhythmia in the intact animal are consistent with delayed afterdepolarizations in isolated tissue ( Table I) .
Suppression of normal pacemaker mechanisms of specialized conducting fibers. Before there was general awareness of delayed afterdepolarizations, attempts to explain digitalis-induced repetitive ventricular responses had been limited to reentry or automaticity (6, 13, 40, 41) . Although it was suggested by some (42) (43) (44) ) that the repetitive ventricular response might represent a form of abnormal automaticity , several factors clouded this interpretation. First was the observation that the automatic mechanisms previously identified in normal specialized conducting fibers of the atrium and ventricle tended to be suppressed by overdrive pacing (Fig. 2) (45) . In contrast, the rhythm in digitalis-toxic cardiac fibers and the intact heart occasionally showed an increase in rate as a result of rapid pacing; at other times, there was little effect on rate, and only in a fraction of instances was there suppression (40) (41) (42) . Second, intact animal studies had demonstrated a suppression of normal pacemaker function before the onset of digitalistoxic arrhythmias (46) , an observation that was corroborated in isolated tissue studies (47) . The implication of these experiments was that, for the most part , the normal pacemaker mechanisms of specialized conducting fibers were suppressed by digitalis and were supplanted by some other mechanism . This was clearly demonstrated by Aronson and Gelles (48) Delayed afterdepoIarizations, cycle lengths and tachycardias. The particular characteri stic of delayed afterdepolarization s that makes them so successful a descriptor of many digitalis-induced premature depolarizations and tachycardias is their cycle length dependency . As reviewed in Figure 3 and Table I , when the drive cycle length for a preparation is shortened, so is the coupling interval of the afterdepolarization to the action potential that induces it. At the same time, there is a tendency for the amplitude of the afterdepolarization to increase and for the current required to bring it to threshold to decrease (29) . As a result , as drive rate increases, the afterdepolarization will tend more readily to attain threshold and will initiate a rhythm whose rate will increase in proportion to the drive rate (Fig. 3) . Enhanced automaticity. The foregoing is not meant to imply that all digitalis-induced focal tachyarrhythmias are the result of delayed afterdepolarizations. It appears that a subset is induced by an abnormal automatic mechanism (43, 49) that is not overdrive suppressible and the rate of which increases to some extent with the stimulation rate (Fig. 4) . It is often difficult to differentiate this rhythm at the cellular level from that induced by delayed afterdepolarizations, and there remains some uncertainty about the relation of the two mechanisms to one another.
Other electrophysiologic factors related to digitalis toxicity. Three other factors should be stressed about digitalis-induced delayed afterdepolarizations and the other cellular electrophysiologic manifestations of digitalis toxicity (diminished resting potential, Vmax and accelerated repolarization). The first is that although they have been described and studied using isolated tissues and physiologic saline solutions, they nonetheless occur over a range of digitalis concentrations that mimic the effects of digitalis in vivo. This has been demonstrated in studies of isolated Purkinje and ventricular muscle fibers superfused with the blood of intact digitalis-toxic dogs (28, 50) . The second factor is that just as intact animal studies (51) have indicated the site of origin of digitalis-toxic ventricular tachycardias to be the specialized conducting system, isolated tissue studies (6) have shown that the cellular electrophysiologic manifestations of digitalis toxicity are far more readily induced (at lower digitalis concentrations and after shorter intervals of superfusion) in specialized conducting than in muscle fibers. Finally, that delayed afterdepolarizations may explain a subset of digitalis-induced tachycardias is suggested by their occurrence in atrial and ventricular fibers of not only the canine (28) (29) (30) (31) (32) (33) but also the human (52, 53) heart.
Potassium and Calcium Ions as Modifiers of Digitalis Toxicity
Before I attempt to relate the cellular electrophysiologic actions of digitalis to cardiac arrhythmias more directly, some additional modifiers of digitalis toxicity should be considered. That there are a number of such modifiers should be intuitively obvious in considering a drug that not only poisons the enzyme system responsible for electrogenic Na + -K + pumping, but interacts importantly with ions such as Ca 2 + and K + and with the parasympathetic and sympathetic nervous systems. I am not suggesting that there are not important interactions of digitalis beyond these, but from the point of view of cellular electrophysiology, these are some of the best known and most important. Sodium and potassium. One result of the poisoning of Na + -K + ATPase is that cells commence to accumulate Na + intracellularly, while losing K + to the extracellular envi- . Ouabain-induced enhanced automaticity. The preparation had been superfused with ouabain, 2 x 10-7 M, for 30 minutes, and then driven sequentially at cycle lengths from 1,000 (top) through 260 (bottom) ms. At the drive cycle lengthof 1,000 ms, cessation of drive is followed by phase 4 depolarization and the onsetof an automatic rhythmwhichgradually increases in rate. The interval between the last driven beat and the first automatic beat is far longer than would be expected for a delayed afterdepolarization (see Fig. 3 ). As drive cycle length is shortened, there is a shortening of the escape interval for the first automatic beat as well as an acceleration in the rate of the automatic rhythm. Note that during the course of phase 4 depolarization, delayed afterdepolarizations also are seen during the escape interval at cycle lengths of 300 and 260 ms. It is difficult to distinguish whether the spontaneous rhythm at these cycle lengths is initiated by an automatic beat or by a triggered beat secondary to a delayed afterdepolarization. Calibrations: 15 mY and 2 s. (Reprinted from Rosen MR, Danilo P Jr. [49] with permission of the American Heart Association, Inc.) ronment (54) . A consequence of these events is that [K."], decreases, [Na +]i and [K + 10 increase and there is a decrease in the resting membrane potential. One result of the increase in [K + ]0is that the potassium conductance of the membrane increases (55) . This, in tum, accelerates repolarization (Fig.  1) . The extent to which the [K +]0 is increased depends on its equilibration in the "unstirred layer" adjacent to the outside of the cell membrane. To whatever extent the K + ion is held in that layer (which in tum equilibrates with the larger, bulk extracellular space), the membrane itself will "recognize" this as an elevation of extracellular [K +]. That there is, in fact, a gradient for [K +] between the unstirred layer adjacent to the cell and the bulk phase has been suggested in previous cellular electrophysiologic and ion-sensitive electrode studies of digitalis (19) .
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Role of low extracellular K+. Both the extracellular K + concentration before digitalis administration and any changes that are induced or occur spontaneously in [K +]0 during digitalis administration can also modify the effects of digitalis importantly. In the absence of digitalis, if the level of [K +]0 is low (below 3 to 4 mM), there is a tendency for specialized conducting fibers to develop phase 4 depolarization and automatic rhythms (56) . Hence, when administered in the presence of a low [K +]0' digitalis is superfused over a preparation that already has a tendency to develop automaticity, and any arrhythmogenic effects of digitalis will be superimposed on this. Moreover, digitalis and K + ions compete for membrane-binding sites, and at low [K +]0 there will be a greater likelihood of increased binding of digitalis to its receptor site (54) . Hence, both the inherent arrhythmogenicity of low [K +]0 and the enhanced binding of digitalis in this setting may tend to augment toxicity.
Role of high extracellular K+. At high [K +10 (> approximately 5 mM), there is an increasing competition of K + with digitalis for binding, such that the ability of digitalis to poison Na " -K+ ATPase is diminished (54) . Although this action would tend to limit toxicity, the direct electrophysiologic effects of increasing extracellular [K +] have just the opposite effect. As predicted by the Nemst equation (56) , elevating extracellular [K +] lowers the membrane potential at rest. It also increases the potassium conductance of the membrane, resulting in accelerated repolarization (55) .
As a result of the reduced resting potential, action potential amplitude and upstroke velocity are reduced and conduction is slowed. In addition, as stated before, the effect of toxic concentrations of digitalis alone, depleting the intracellular compartment of K + and elevating [K +] extracellularly, has the same end result as elevating [K +] in the bulk phase.
Summarizing this very important interaction between K+ and digitalis, we can see that the maintenance of [K +]0 within the physiologic range is the ideal situation for dealing with potential digitalis toxicity. Reducing [K +]0 below this range induces automaticity in its own right and facilitates the binding of digitalis to its receptor; elevating [K +]m although it will tend to reduce the binding of digitalis, is toxic in its own right in a way that complements digitalis toxicity.
K+ and conduction block. In environments of both low Calcium. Calcium ion is also important to the occurrence of digitalis toxicity. As mentioned earlier, one of the results of poisoning Na +-K + ATPase is to increase intracellular [Na "] and, with this, to modify the Na " -Ca 2+ exchange. This results in an increase in [Ca 2 +]i. In situations where [Ca2+li is increased markedly (presumably to concentrations greater than those that occur in vivo), there can be electrical uncoupling of cardiac fibers from one another (58) . This uncoupling, which also occurs with an increase in [Na +]i (58), results in an increased intercellular resistance and can induce slowing or cessation of conduction (59 (56) . Such a reduction of [Ca 2 +]0 would counter the occurrence of conduction block and diminish the magnitude of delayed afterdepolarizations (61), both of which are antiarrhythmic effects. However, the increase in threshold potential increases the likelihood that depolarizing potentials, including delayed afterdepolarizations, might attain threshold and induce an arrhythmia. Therefore, it appears that, as for K +, changes in [Ca 2 +]0 both above and below the physiologic level can enhance digitalis toxicity.
In summary, the cellular electrophysiologic data relating to the interaction of Ca 2 + and of K + with digitalis suggest that maintenance of physiologic concentrations of both ions would least potentiate arrhythmias. In addition, there is an important interaction between K + and Ca 2 +; namely, elevations in Ca 2 + tend to increase membrane conductance for K + (62). Hence, when K + and Ca 2+ concentrations are altered in the presence of digitalis, one must recall that not only do both ions interact with digitalis, but their important interactions with one another may further modify the effects of digitalis.
Role of Autonomic Nervous System
Digitalis and parasympathetic effects. Digitalis also interacts with the parasympathetic and sympathetic nervous systems in ways that can promote toxicity. Parasympathetic effects on the heart alone can induce sinus slowing, sinoatrial block and AV nodal conduction block (56) . All these effects appear to result from the actions of the cholinergic mediator, acetylcholine. By increasing the K + conductance of the cell membrane , acetylcholine alone hyperpolarizes atrial and sinoatrial node fibers (which might induce a modest increase in conduction velocity), and decreases the slope of phase 4 depolarization and the automatic rate of the sinus node (56) . Acetylcholine has an additional effect on atrial fibers, causing the suppression of slow inward current carried by Ca H (63) . In the regions of the sinus and AV nodes, whose action potentials are largely slow channel-dependent, this action of acetylcholine would tend to depress conduction or block it entirely.
The action of digitalis on vagal fibers is such that increased amounts ofacetylcholine are released (23, 24) . The result of the vagal action of digitalis, then, is seen as an augmentation of the effects of acetylcholine at sites where parasympathetic innervation is densest, that is, supraventricularly. When this indirect action of digitalis is considered in light of its direct effects, which tend to depolarize cardiac cells and depress conduction, then it is apparent that the depressant actions will tend to be additive.
Sympathetic effects. There are a number of complex interaction s between digitalis and the sympathetic nervous system. For example, it has been shown that in high concentrations, digitalis may actually be sympatholytic, reducing the sensitivity of the heart to beta-adrenergic catecholamines (22,64 ,65) . Of more importance in considering the toxic effects of clinically relevant concentrations of digitalis is its action on the central nervous system to increase efferent sympathetic discharge (66) (67) (68) . This results in an increase in catecholamine release at sympathetic terminals , an action that potentiates digitalis toxicity as follows : I have already mentioned that digitalis induces an increase in intracellular [CaH 1 that is responsible for the transient inward current underlying delayed afterdepolarizations, and that also contributes to uncoupling. Through their effect on the betaadrenergic receptor, catecholamines also induce increases in ICa H li (55) . As a result , delayed afterdepolarizations that are of subthreshold magnitude in the presence of digitalis alone may attain threshold and induce tachyarrhythmias with the addition of catecholamines (Fig. 5) (69) . In contrast, catecholamines alone may hyperpolarize fibers (70, 71) and enhance conduction. Nonetheless, it appears that the major interaction of digitalis and catecholamines is arrhythmogenic, potentiating the occurrence of ectopic activity.
Other Variables Related to Digitalis Toxicity
Age. Other important variables with respect to digitalis toxicity are age and the presence of disease . Clinical studies (72) have stressed that the very young individual tends not to show digitalis toxicity at serum digoxin levels that are toxic in the older patient. Moreover, toxicity appears to occur more readily in the elderly (73) . Cellular electrophysiologic studies (74) intended to identify the basis for these observations have demonstrated that for the neonatal canine heart, a higher concentration of digitalis is needed to induce depolarization of the cell membrane and delayed afterdepolarizations than is the case for the mature adult . Moreover, in the old canine heart, toxicity occurs even more readily than in the younger adult (75) . Complementary studies (76, 77) showing development and age-related changes in digitalis effect have been performed in other animal species as well. It is to be stressed that these studies of agerelated changes in the cellular electrophysiologic manifestations of digitalis toxicity have been performed in animals without cardiac disease , so that the major variable is, in fact, age. It has been suggested (78) that age-related changes in Na + -K + ATPase function and its ability to bind digitalis may be a major factor in the events described here .
Presence of cardiac disease. The other important variable I have mentioned is the concurrent presence of cardiac disease (73) . In experiments mimicking the clinical situation. tissues from the diseased canine heart have been shown to develop digitalis toxicity more readily than those from the healthy heart . An example of this phenomenon was
uring superfusion with acetylstrophanthidin . Here, the normal sequence of activation from proximal to distal sites in the Purkinje system was supplanted by either simultaneous activation of proximal and distal sites , or the occurrence of distal before proximal activation . (arrow) has been moved still earlier. occurs at a high level of membrane potential and is propagated to the myocardium. This is succeeded by an action potential that reenters the Purkinje system. but does not propagate to the myocardium. However. after it repolarizes. membrane potential is relatively high . As a result. the subsequent basic drive beat is able to propagate to the myocardium. 
Abnormal Conduction
SA and AV block. Although a variety of conduction abnormalities have been attributed to digitalis, two that have received prominent attention are atrioventricular (A V) nodal and sinoatrial (SA) block . It is likely that both types of conduction block result largely from the interaction of the "indirect" effect of digitalis, mediated through the parasympathetic nervous system , and the direct effect of digitalis, exerted on the heart itself. It is the suppression of the slow inward current carried by the Ca 2 + ion that in large part explains the ability of vagal stimulation (enhanced, in tum, by digitalis effect) to depress conduction at both nodes (81) , To this is added the direct action of digitalis to depolarize and uncouple cardiac fibers (see earlier). Conduction block in specialized conduction system. There are means other than membrane depolarization and enhanced vagal effect whereby digitalis can induce conduction block . It is likely that, given the differential sensitivity of specialized conducting and myocardial fibers (6) to the toxic effects of digitalis, conduction block will occur most readily in the specialized conducting system (51) . Whereas the cause of block might simply be depolarization of fibers until excitability is lost, there are, as well, more complex effects of digitalis that can depress conduction. One of these is reviewed in Figure 6 . In this experiment, the interaction between the effects of digitalis on phase 4 depolarization and on conduction is reviewed . As a result of these events, bigeminy (panels A and B), concealed conduction (panels A, C and D) and reentry and facilitation of conduction (panel D) can occur. Although a vastly simplified version of the kinds ' of events that might occur in the intact heart, Figure 6 nonetheless helps us understand the complex changes in impulse conduction that can occur as a result of digitalis toxicity.
Other complex variations in conduction have been reported as occurring in the presence of toxic digitalis concentrations . In the final section of this review, I shall consider the contribution of digitalis toxicity to cardiac arrhythmias. To do so, I shall use a standard categorization of arrhythmias in widespread use today (80) : that is, I shall consider arrhythmias as resulting from either 1) abnormal conduction or 2) abnormal impulse initiation, with the proviso that some arrhythmias result from their combined effects.
provided by Brennan and Bonn (79) in studies of the effects of digitalis on experimentally infarcted canine hearts.
Thus far, I have reviewed how digitalis may depolarize the membrane and depress conduction as a result of its effect on Na + -K + ATPase, how it may further depress conduction through its effects on phase 4 (as a result of automaticity or delayed afterdepolarizations) and how it may depress conduction still further through its indirect effects mediated by way of the vagus. The changes in [K + 1 and [Ca 2 + 1 mentioned earlier also can contribute to this conduction block . It should be stressed, as well, that the block of conduction may result not only in a bradyarrhythmia, but also when conditions are appropriate, as in Figure 6 , in a tachyarrhythmia. Both reentry occuning as a result of circus movement and reflection are possible causes of such tachyarrhythmias (83).
Abnormal ImpuLse Initiation
As stated, early studies of digitalis toxicity demonstrated depolarization during phase 4, resulting in enhanced impulse initiation. The initial assumption made was that such impulse initiation was the result of enhancement of automatic pacemaker function by digitalis . As has been discussed in the first section of this review , voltage clamp studies (37) (38) (39) 48) in the 19708 revealed that digitalis usually "turns off" the normal pacemaker current, suppressing the automatic mechanism. The transient inward current induced by these same toxic concentrations of digitalis is oscillatory in nature and results in the occurrence of delayed afterdepolarizations. With their characteristic cycle length dependency, the afterdepolarizations in turn induce rate-dependent tachycardias, referred to as " triggered " arrhythmias (defined by Cranefield [34] as arrhythmias that obligatorily require a previous action potential and afterdepolarization for their initiation).
Characteristics of afterdepolarization-induced tachycardias. In attempting to relate these events to cardiac arrhythmias Reder and I (84) summarized the characteristics of delayed afterdepolarization-induced tachycardias as follows . I) Delayed afterdepolarizations may induce single premature beats or tachyarrhythmias. If single premature beats occur, they tend to be late in the cardiac cycle. This relate s to the fact that the coupling interval for delayed afterdepolarizations to the impulses that induce them tends to be equal to or slightly less than the drive cycle length (Fig. 3) (29,31).
2) The occurrence Of an arrhythmia over a wide range of cardiac cycle lengths with a propensity for its occurrence more at short than at long cycle lengths is consistent with delayed afterdepolarizations as the cause . This, too , relates to the relation of delayed afterdepolarization amplitude to drive cycle length (Fig. 3) .
3) Shortening of the cycle length of an arrhythmia as the cycle length preceding the onset of the arrhythmia diminishes is characteristic of delayed afterdepolarizations. This also relates to the data on coupling interval in Figure 3 .
4) The presence of an inverse ratio between an initiating premature beat and a resulting extrasystole, so that a clear pattern of return extrasystoles is evident, suggests that an arrhythmia does not result from delayed afterdepolarizations. This is stated because delayed afterdepolarizations tend to decrease (or sometimes show no change) in their coupling intervals as the coupling intervals of single premature beats decrease (85) . In contrast, reentry would tend more readily to show an inverse ratio between the coupling interval of a premature beat and a following extrasystole (86).
5) The ability of single premature stimuli to shorten the cycle length of a subsequent arrhythmia, while consistent with delayed afterdepolarizations, may not occur (85) . This is stated because single premature depolarizations tend far less readily than sustained pacing to modify the cycle length of a delayed afterdepolarization-induced arrhythmia (85) .
6) The requirement for a series of premature stimuli to induce an arrhythmia is more suggestive of delayed afterdepolarizations than is the ability of single premature stimuli to do this. The basis for this is the observation that delayed afterdepolarizations undergo a period of "warm-up"; that is, they require a sequence of 5 to 10 beats at a given cycle length to attain their peak amplitude (29, 3 1). Hence, a single premature beat will tend to induce a smaller delayed afterdepolarization than will a sequence of paced beats at the same cycle length. With this in mind , the occurrence of warm-up over several cycles to an arrhythmia with a stable rate may take place with delayed afterdepolarizations. 7) Termination of delayed afterdepolarization-induced arrhythmias may be sudden or may follow a period of slowing, and termination often is preceded by I to 10 afterbeats (85) . Moreover, although termination may be induced by a single premature stimulus, it usually is not (85).
8) Whereas delayed afterdepolarization-induced rhythms usually increase in rate in response to overdrive pacing, approximately 90% can be reproducibly suppressed by overdrive if they are overdriven at cycle lengths less than 200 to 250 ms (85) . 9) Finally, although one can relate a delayed afterdepolarization-induced tachycardia to the pacing cycle lengths that induced it using the linear schema suggested in Figure  3 , it must be understood that a number of complex variations on this phenomenon exist. Some of these are explored in Figure 7 . As demonstrated here , if there is an interval during which both the first and second deiayed afterdepolarizations are too small to attain threshold , then over this range of cycle lengths the arrh ythmia may give the appearance of having been overdrive-suppressed. Another complicating factor is that changes in membrane potential may modify Figure 7 . Relation between delayed afterdepolarization amplitude (DAD amp) and coupling intetval (DAD CI), on the vertical axis to basic cycle length (BCL) on the horizontal axis. Numbers I and 2 refer to the first and second delayed afterdepolarizations in a sequence (see Fig. 2 , Panel A). The arrows refer to the amplitude needed for delayed afterdepolarizations to attain threshold and initiate action potentials. Panel A, As basic cycle length decreases, the coupling intervals for the first (I) and second (2) delayed afterdepolarizations in the sequence also decrease. The amplitude of the afterdepolarizations is such that once the basic cycle length is shortened to 700 ms, the first delayed afterdepolarization attains threshold and initiates an action potential. As the drive cycle length is further decreased and the first delayed afterdepolarization begins to decrease in amplitude, the second afterdepolarization attains threshold and an action potential is seen. As a result, over a wide the occurrence and amplitude of delayed afterdepolarizations (87, 88) . Hence, any intervention, such as pacing, if it increases membrane potential to a range at which delayed afterdepolarizations decrease in magnitude, might be expected to alter the occurrence of triggered activity. Delayed afterdepolarizations as a mechanism oftachyarrhythmias. As previously suggested, there is much evidence supporting the idea that delayed afterdepolarizations are an important mechanism for digitalis-induced tachyarrhythmias. I) The characteristics of delayed afterdepolarization-induced rhythms in isolated tissues are quite similar to those of digitalis-induced repetitive ventricular responses in the in situ heart (Table 1) (84) .
2) The characteristics of onset and offset of some accelerated A V junctional escape arrhythmias in the human heart are more readily explicable by delayed afterdepolarization-induced triggered activity than by reentry or automaticity (89).3) Programmed pacing studies (90,91) in digitalis-toxic dogs have identified a phenorange of drive cycle lengths, either the first or the second delayed afterdepolarization reaches threshold and initiates a propagating action potential. If one considers the coupling intervals for the action potentials initiated by these delayed afterdepolarizations, then the first afterdepolarization in the sequence will initiate action potentials at drive cycle lengths of 700 to 400 ms, and the resulting action potentials will have coupling intervals of about 650 to 500 ms. When the drive cycle length becomes sufficiently short that the second delayed afterdepolarization attains threshold (at drive cycle lengths of about 400 to 200 ms), the resultant coupling intervals for the action potentials will be about 800 to 400 ms, that is, about twice the drive cycle length. If this example represented a cardiac arrhythmia that was being overdrive-paced, then at pacing cycle lengths of 700 to 400 ms, there might be a triggered rhythm whose cycle length of 650 to 500 ms decreased with the decrease in drive cycle length. However, at the shorter pacing cycle lengths, there would be a sudden jump to an arrhythmia whose coupling interval was initially 800 ms and then decreased with drive cycle length. In addition, in the range of basic cycle lengths of 400 to 500 ms, where either the first or the second delayed afterdepolarization might reach threshold, the coupling interval for the arrhythmia would tend to be unstable, as indicated by the stippled zone.
Panel B, In a different Purkinje fiber, another possibility is seen. Here as the drive cycle length decreases to about 500 ms, the amplitude of the first delayed afterdepolarization becomes subthreshold. The second delayed afterdepolarization does not reach threshold until a cycle length of about 400 ms. Hence, there is a gap of about 100 ms, during which no arrhythmia would occur (dashed line). Considering the implications of this experiment for an arrhythmia, at the longer drive cycle lengths of 700 to 500 ms, an arrhythmia having a coupling interval of 700 to 475 ms would occur. At. drive cycle lengths from 400 to 225 ms (the second delayed afterdepolarization), the coupling interval for the arrhythmia would be about 800 to 450 ms. Hence, we have the same sort of jump from one range of cycle lengths to a second range of cycle lengths in Panel B, as was seen in Panel A with the additional phenomenon of a gap during which no arrhythmia occurs at all. (Reprinted from Rosen M, Reder R [84j with permission.) menology compatible with triggered activity. 4) Preliminary studies (92-94) using programmed pacing in a small group of human subjects have, likewise, been compatible with triggered activity. 5) Finally, preliminary studies (95) using extracellular electrodes to record diastolic potentials during digitalis toxicity in the intact dog have sugggested that delayed afterdepolarizations may induce the tachycardia.
Implications. The latter portion of this discussion is not meant to imply that all digitalis-induced tachycardias are the result of delayed afterdepolarizations and triggered activity. However, it does appear that such activity is important in the genesis of many digitalis-induced tachyarrhythmias. It should be understood, as well, that digitalis-induced delayed afterdepolarizations or triggered activity not only may occur alone, but, as suggested in Figure 6 , also may be superimposed on reentrant or automatic mechanisms, further increasing the complexity of arrhythmogenesis during digitalis toxicity.
